A computational study of the Electron Paramagnetic Resonance (EPR) g-tensors and hyperfine tensors of Li and Ga vacancies in LiGaO2 is presented. Density Functinal Theory (DFT) calculations are carried out of the Ga and Li vacancies using the DFT+U approach in the charge states which carry an unpaired spin. In both vacancies the hole is located on one oxygen p-orbital adjacent to the vacancy. Apical and different basal plane O are considered. The magnetic resonance parameters of the defects are determined using the Gauge Including Projector Augmented Wave (GIPAW) method. The EPR spectra of V 2− Ga is characterized by a quasi-isotropic superhyperfine (SHF) interaction with one Ga nucleus and for the apical O spin gives a g-tensor with maximum oriented along the bond direction from that O to its other Ga neighbor. For V 0 Li there is a quasi-isotropic SHF interaction with two Ga nuclei and the g-tensor maximum is along c for the basal plane O spin. Both of these are in agreement with experiment but we predict also the g-tensors for the other possible localization of the spins as well as the small hyperfine splittings (as yet not observed) on Li. The energies of formation and transition levels of the corresponding defects provide insight into the conditions required to activate these EPR spectra.
LiGaO 2 is an ultra-wide-band-gap material with a wurtzite-like crystal structure 1,2 and experimental band gap of ∼5.3-5.6 eV at room temperature. [3] [4] [5] [6] The calculated gap at zero temperature 7 using the quasiparticle self-consistent QSGW method is 6.25 eV although this is likely an overestimate. It can be grown in bulk form by the Czochralsky method 1 and has been suggested as a useful substrate for GaN but can also be grown by epitaxial method on ZnO and vice versa. Mixed ZnO-LiGaO 2 alloys have also been reported. 8, 9 In fact, this material can be viewed as a I-III-VI 2 analog of the II-VI material ZnO by substituting the II-element Zn by a group I (Li) and a group III (Ga) in an ordered fashion on the wurtzite lattice. It has been considered for piezoelectric properties [10] [11] [12] in the past and is for the most part considered an insulator. However, Boonchun and Lambrecht 7 suggested it might be worthwhile considering as a semiconductor electronic material and showed in particular that it could possibly be n-type doped by Ge. In view of the recent interest in β-Ga 2 O 3 as ultra-wide semiconductor for power electronics, which is also n-type by doping with Si, Sn or Ge, this makes LiGaO 2 worth revisiting, in particular from the point of view of defects and doping.
Recently, Electron Paramagnetic Resonance (EPR) experiments on irradiated samples of LiGaO 2 were reported by Lenyk et al. 13 . They reported EPR signals for both the V Ga and V Li . While V Ga defects required high energy (neutron) irradiation to create them they did not require additional optical activation. In contrast V Li was found to be present in the as grown samples but required an optical or X-ray activation step to change their charge state to an EPR active one. Both vacancies were reported to have an EPR S = 1/2 center corresponding to a hole on a single O p-orbital and specific assignments were made: an apical O for the V Ga showing superhyperfine (SHF) interaction with one Ga, and a basal plane O II with SHF interactions with two Ga for the V Li .
Here we present a computational study of these EPR center parameters, including the different types of O on which the hole can be localized. We also performed energy of formation and transition level calculations for these defects.
The g-tensor is calculated using the Gauge Including Projector Augmented Wave (GIPAW) method. [14] [15] [16] [17] This is a Density Functional Perturbation Theory (DFPT) method to calculate the linear magnetic response of a periodic system onto an external magnetic field. It is implemented in the code QE-GIPAW, 18 which is integrated within the Quantum Espresso package. 19 The hyperfine tensor has two parts: the isotropic Fermi contact term which depends on the wave function or spin density of the defect at the nuclear sites of atoms with a net nuclear spin and a dipole interaction term which is non-isotropic. The hyperfine interaction is sensitive to the degree of localization of the defect wave functions. In particular for acceptors, it is important to correct the self-interaction error of the local density and generalized gradient density approximations (LDA and GGA). The latter tends to delocalize the defect hole wave function over more than one atom while the feedback between an orbital dependent potential (as occurs in hybrid functionals and in DFT+U 20-22 with on-site Coulomb corrections) and the structural relaxation typically leads to a well localized defect state. Therefore we have here used both the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional 23, 24 to find the energy of formation of the vacancies in different charge states and the DFT+U arXiv:1911.01932v1 [cond-mat.mtrl-sci] 5 Nov 2019 approach to calculate the SHF interaction. Good agreement between these two approaches for the localization of the defect wavefunction on a single O is obtained. The DFT+U method, however, allows better control on which O the defect wave function becomes localized and was therefore used to model the EPR parameters. The GIPAW code on the other hand cannot yet handle correctly the DFT+U method and hence we calculated the g-tensor using the GGA functional but keeping the structures relaxed in DFT+U.
First we consider the energy of formation and transition states of the V Ga and V Li . These were calculated using the HSE approach 23 using the Vienna Ab-Initio Simulation Package (VASP). 25 The energy for formation E f or (D, q) is given by
with E tot (D, q) the total energy of the supercell containing defect D in charge state q and E tot (X) the total energy of the corresponding perfect crystal, µ i the chemical potentials of the atoms involved in creating the defect and ∆n i the change in the atom numbers of species i induced by the defect, specifically ∆n i = −1 for a single vacancy of species i. The chemical potential of the electrons consists of the valence band maximum (VBM) v the Fermi level in the gap measured from the latter and an alignment term. The correction term E cor corrects for the image charge electrostatics in the compensating uniform background of the defects in the periodically repeated cells. The Freysoldt approach is used for the corrections and the alignment term. 26, 27 The chemical potentials of the elements Li and Ga are determined by considering the competing compounds Li 2 O and Ga 2 O 3 . Details of these calculations are reported elsewhere 28 along with results for other point defects in LiGaO 2 . Here we only mention the results relevant to the EPR study of the vacancies.
We find that the V 0 Li has lower energy than the V 0 Ga for all chemical conditions as restricted by the formation of competing binary compounds and under Li-poor conditions can be lower than 1 eV. The V Ga usually has quite high energy and is not expected to occur in significant concentration in equilibrium but the V − Li is found to be the major acceptor compensating the Ga 2+ Li antisite. The V Li occurs in 0 and −1 charge states, the former of which contains an unpaired spin and is hence EPR active. Its 0/− transition level lies at 1.03 eV above the VBM. The V Ga has a value of 10 eV for Ga-rich conditions and ∼4.5 eV under the most Ga-poor, Li-rich conditions allowed. It accommodates four charge states, 0, −1,−2, −3. The Fermi level is pinned by the compensation of Ga 2+
Li antisites with V − Li and to some extent by Li 2− Ga in Li-rich conditions. In both cases, the Fermi level lies deep below the CBM between 2.7-3.8 eV above the VBM straddling the 2 − /3− transition level of the V Ga , which occurs at 3.3 eV. The V Ga may thus be expected to be found in 13 that high-energy particle irradiation is required to create the V Ga . However, the fact that they do not require to be optically activated once formed indicates a 2− charge state after irradiation. On the other hand the Li-vacancies were found to be present already in as-grown material. This however does not imply the material was Li-poor. Even under both Li and Ga rich conditions, the V Li has an energy of formation significantly lower than that of Ga. However, the fact that its 0/− level lies only 1.02 eV above the VBM clearly explains why the Li must be activated optically by removing an electron from it. In the experiments by Lenyk et al. 13 this is achieved by application X-rays.
From here on we then focus on the EPR active states V 2− Ga and V 0 Li . In the HSE calculations, the spin density is localized on the apical O for both the V Ga and V Li . In the DFT+U with a value of U = 4 eV the spin-density is also localized on a single O p-orbital but depending on the initial displacements given to the O, we can either enforce it (after relaxation) to localize on an apical or a For the V Ga we examine both the apical and basal plane O I as atom for the hole to localize on. As shown in Fig. 1 (lower-left) and in Table I we find the g-tensor for the apical O II has its smallest g along the direction of the spin density, which is along c. This agrees with experiment. The largest principal axis (principal axis corresponding to largest ∆g) in the ab-plane is 55 • from a so closer to b which also agrees with experiment. In fact it is close to the O II -Ga direction. The ∆g themselves are in agreement to about ±0.005. For the basal plane O I location of the spin, (Fig. 1 lower-right) on the other hand the main principal axis of the g tensor is along c. In both cases it is perpendicular to the spin direction of the spin density p-orbital which corresponds to the lowest ∆g direction. The SHF interaction (given in Table II ) in both cases is with one Ga atom because obviously the O on which the spin has localized has already lost one of its Ga neighbors and each O is coordinated with two Ga and two Li. It is called a SHF interaction because the nucleus with which the electron spin is interacting is not on the atom on which the spin is localized but one of its neighbors. The hyperfine tensor A is nearly isotropic with a value of about 33 G in excellent agreement with the experimental values of about 37 G. Our values are about 10% underes-timated. In agreement with experiment we find a slightly larger A component in the c direction for the apical O. The hyperfine with O is not observed because O is more than 99.9 % isotopically in a form which does not carry a nuclear spin. The hyperfine principal axes are indicated by the small arrows in Fig. 1 and are seen to be close to the bond directons rather than the overall crystal axes.
The V Li with spin localized on an apical O I has its main ∆g-tensor component at about 30 • from the a-axis and its lowest component and spin density along c as can be seen in Fig. 1 (upper left) . This, however does not agree with the experimental data of Lenyk et al. 13 who find the ∆g tensor to be oriented with its highest value along c. We have calculated two distinct configurations with spin localized on an basal plane O I and O II and report their g-tensors in Table I . For the O II case we find that the lowest ∆g is coincident with the direction of the spin density and is close to the bond direction from V Li to the O II . So, it is tilted away from the ab-plane by about 30 • and close to 60 • degrees from the a-axis. Note, however, that there is an equivalent O II along the a axis in the ab-plane projection, which is simply 120 • rotated from the one reported in Table I . The highest gcomponent principal axis has to be perpendicular to this and indeed we find it to be tilted about 30 • from the c- 13 with the sole difference that they consider the equivalent O II in the a-direction. As the authors mention, the occurrence of several distinct magnetic orientations prevents them from carrying out a full study of the angular variation with magnetic field because of the overlap of different signals. As for the O I basal plane, neighbor, in that case the lowest g-component is along the corresponding V Li − O I direction at about 60 • from the a axis. However, the largest g is then found at about −30 • from a and tilted toward the basal plane. This does not agree with the center identified by Lenyk et al.
The SHF splitting in V Li with spin localized on O II is with two nonequivalent Ga. Although all Ga atoms are equivalent in the perfect crystal, the local symmetry is broken. The Ga with smaller SHF A tensor lies closer to the V Li than the other which lies opposite to it from the O II on which the spin is localized. In the experiment, also a slightly inequivalent Ga-SHF splitting was reported but they estimated the A's to differ by only 4 % whereas we find them to differ by about 20 %. In agreement with experiment the A tensors are found to be nearly isotropic. The experimental value for the SHF splitting is closer to the larger of the two calculated A and is in good agreement with experiment. For the apical O I case, one would expect the two Ga neighbors to be equivalent but in the calculation, they are still found to differ by about 20 %.
While the Li SHF interactions were not observed we give the calculated values for them in Table II in case future measurements would be able to measure them. The reason why they are much smaller is that the atomic wavefunction on the Li nuclear sites are much smaller than on the Ga.
Having identified the apical O as the location of the spin density near a V Ga and the basal plane O near a V Li that best agree with experiment, we may ask whether these indeed correspond to the lowest total energy. It turns out, however, that the energy differences between these different localization sites is quite small. We find that the V Ga has 0.01 eV higher energy per 128 atom cell in the apical than the basal plane site within PBE0, 29 (this is a hybrid functional with 25 % exact and unscreened exchange) so opposite to the experimental identification. For the V Li it is the apical oxygen that was found to have the lower energy by 0.002 eV. In the HSE06 functional, the apical site was found upon automatic relaxation for both cases. Clearly these energy differences are too small to trust within DFT or at least this is very challenging for any level of theory. Therefore we expect that several of these slightly different forms of the vacancy EPR centers with spin localized on different Oneighbors could be present in experiment but the overlap of these signals would make it difficult to disentangle them. At present it seems like the apical O II for V Ga and basal-plane O II for V Li agree best with the experimental observations but in the V Li case, there would still be two differently oriented forms of this same defect.
In conclusion, our first-principles calculations confirm the experimental assignment of the EPR centers of V Ga and V Li by Lenyk et al. 13 For the V Ga the spin is localized on an the apical O II and for the V Li it is on a basal plane O II . The orientations of the principal axes of the g-tensor and A-tensors are found to be closely related to the bond directions and in the V Li case two different orientations of the defect center with respect to the crystal axis should exist with overlapping spectra. The EPR parameters for alternative localizations of the spin on different O-neighbors were also calculated and found to be different. As these different forms of localization of the spin have total energies close to each other they might possibly occur in the real systems and we hope that providing the associated parameters here could assist in disentangling these different EPR centers. For the cases observed so far, our g-tensor and SHF interaction parameters are in good agreement with experiment. Our calculations also explain why the V Ga defects require high energy radiation to be formed but no further optical activation while the opposite is the case for the V Li .
